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METHODS AND APPARATUS FOR
RATIONAL COMPRESSION AND
DECOMPRESSION OF NUMBERS

FIELD

The field relates generally to lossless data compression of
data, such as seismic data.

BACKGROUND

Data compression techniques are commonly used to
achieve a reduced bit rate in the digital representation of
signals for efficient processing, transmission, and storage.
The content of a file is said to be passive of compression when
the total storage size of the file can be reduced. There is a limit
for this reduction, however, depending on the content, impos-
ing a limit on compression. A compression algorithm gener-
ally searches for a different representation of the content, in
order to decrease the space required to store the content. The
result is a compressed file that has the potential to be restored
to the exact original uncompressed file for the case of lossless
compression, or to an approximation or similar version of the
original uncompressed file for the case of lossy compression.
The algorithm to restore the original file is referred to as a
decompression algorithm and usually consists of the reverse
steps of the compression algorithm.

The size of seismic datasets, for example, continues to
increase due to the need to extract oil from more complex
geologies. Thus, seismic data compression has become
important in geophysical applications, for efficient process-
ing, storage and transmission of seismic data. A need there-
fore exists for improved techniques for compressing both raw
and processed data, such as seismic data. A further need exists
for a lossless compression algorithm that uses prior knowl-
edge about the data (e.g., a compression algorithm specific for
numbers).

SUMMARY

Tlustrative embodiments of the present invention provide
methods and apparatus for rational compression of numbers,
such as seismic data. In one exemplary embodiment, one or
more numbers are compressed by obtaining a plurality of
numbers (e.g., integer numbers and/or floating point num-
bers), wherein each of the plurality of numbers is represented
using zero or more bits to indicate an exponent at a given base
of'the given number and has a length representing a number of
significant bits of the given number; for each of the plurality
of numbers, computing the length and a difference between
the length and the exponent and counting occurrences of the
length given the occurrence of the difference; generating a
Huffman encoding comprising at least one Huffman tree
based on the counting of the occurrences of the length given
the occurrence of the difference; generating one or more
encoding maps comprising an array mapping each of the
difference and the length to a corresponding Huffman prefix
code; and encoding at least one of the plurality of numbers
using the one or more encoding maps. In the case of integer
numbers, the exponent comprises zero bits and for floating
point numbers, a significand has the length.

In at least one exemplary embodiment, the counting of the
occurrences of the length given the occurrence of the differ-
ence comprises incrementing a histogram bin associated with
the difference. The Huffman encoding optionally comprises
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one Huffiman tree for a histogram of the difference where each
leaf has a subjacent Huffman tree for a histogram of the
length.

In at least one exemplary embodiment, the encoding maps
are generated by traversing paths within a plurality of the
Huffman trees, where each path is one prefix code and leads
to one leaf node storing one or more of the difference and the
length.

According to one aspect of the invention, for compressing
floating point numbers, the step of encoding the at least one of
the plurality of floating point numbers further comprises
computing the length and the difference for each ofthe at least
one of the plurality of floating point numbers and retrieving
the corresponding Huffman prefix code for the difference and
the corresponding Huftfman prefix code for the length from
the one or more encoding maps.

According to one aspect of the invention, a multi-core
computer and/or a multi-node server are employed and a
plurality of instances of the system operate in parallel to
compress a corresponding portion of a divided input indepen-
dently.

Advantageously, illustrative embodiments of the invention
provide improved lossless compression and decompression
of seismic data and other data. These and other features and
advantages of the present invention will become more readily
apparent from the accompanying drawings and the following
detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates an exemplary single precision floating
point number in accordance with an exemplary IEEE 754
floating point standard;

FIG. 2 illustrates a number of exemplary data structures
and algorithms used by the exemplary embodiment of the
rational compression algorithm;

FIG. 3 is a flow chart illustrating an exemplary implemen-
tation of the rational compression algorithm according to one
embodiment of the invention;

FIG. 4A illustrates an exemplary histogram of histograms
generated by the exemplary rational compression algorithm
of FIG. 3;

FIG. 4B illustrates an exemplary Huffman forest generated
by the exemplary rational compression algorithm of FIG. 3;

FIG. 5 is a flow chart illustrating an exemplary implemen-
tation of the rational decompression algorithm according to
one embodiment of the invention; and

FIG. 6 is a system diagram of an exemplary computer
system on which at least one embodiment of the invention can
be implemented.

DETAILED DESCRIPTION

Tustrative embodiments of the present invention will be
described herein with reference to exemplary communica-
tion, storage and processing devices. It is to be appreciated,
however, that the invention is not restricted to use with the
particular illustrative configurations shown. Aspects of the
invention provide methods and apparatus for rational com-
pression and decompression of numbers, such as integers and
floating point data.

According to one aspect of the invention, algorithms are
provided for compression and decompression of integer and
floating point numbers based on a rational representation of
the numbers. In at least one embodiment, the algorithm pro-
vides an indexing structure for encoding and decoding using
characteristics of the number itself, avoiding the need for
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additional data structures, and thus improving compression
efficiency. More specifically, the exemplary algorithm con-
verts numbers into their rational representation to extract
compressible patterns from this representation. The rational
representation unveils an encoding and decoding procedure
that can be exploited for compression.

The disclosed algorithms are particularly suitable for data
originating from seismic acquisitions or scientific experi-
ments, since at least one embodiment of the algorithm is
specialized for a collection of numbers. While the exemplary
embodiments are described herein using seismic data, aspects
of'the present invention can be applied to other forms of data,
as would be apparent to a person of ordinary skill in the art
based on the present disclosure.

According to another aspect of the invention, distributed
compression and decompression is achieved using a plurality
of'instances of the disclosed algorithms operating on a multi-
core computer and/or a multi-node server in parallel. The
exemplary algorithm acts on a collection of numbers, that is,
a sequence of numbers without order, making it scalable for
multiple executions in parallel.

Seismic Data

Oil and gas companies typically acquire and process seis-
mic data from a given prospect area before drilling a well in
the area. Seismic acquisition comprises generating acoustic
waves using a source, such as a vibrator unit, dynamite shot,
or an air gun, and then collecting data related to the reflected
waves. The signals are collected by means of receivers
referred to as geophones (when the acquisition occurs
onshore) or hydrophones (when the acquisition occurs oft-
shore). The receivers convert acoustic vibrations into streams
of'digital samples having in general anumber ofbits from 8 to
32 bits. Samples are continuously collected at intervals that
have a constant duration (typically between 2 and 8 millisec-
onds) and data is typically collected by many receivers simul-
taneously. Seismic datasets can have many terabytes of raw
data and their processing generates other additional datasets
at various points throughout the seismic processing steps.

In spite of the fact that lossy compression algorithms are
able to reach much higher compression ratio, lossless com-
pression is desirable in the various steps of seismic process-
ing. The original data has to be preserved with the original
precision in order to avoid losing relevant information. In
particular, complicated geologies, such as in pre-salt areas,
have a very low signal-to-noise ratio, which makes the pres-
ervation of high data frequencies even more important (in
lossy compression methods, high frequencies are often
attenuated, so that higher compression ratios can be
obtained). Therefore, it is often important to ensure that the
employed compression methods are lossless.

Seismic processing workflows typically correspond to
various steps that modify the raw data, creating new seismic
data files at each step. Depending on the phase and processing
techniques utilized, the size of the resulting file can be as large
as the original file. Discovering ways to reduce the size occu-
pied by these large data files and store them efficiently is a
problem that needs to be addressed.

Thus, storage and transfer of seismic data demands lossless
compression. The creation of algorithms that achieve high
compression ratio are important to save storage and transmis-
sion time.

As seismic data files can be very large, the time to compress
them can be very long, sometimes taking many days to obtain
a good compression ratio. In this way, reducing the time to
obtain good compression ratios by orders of magnitude can
be very relevant to the industry.
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Oil and gas companies are often global companies and the
interpretation of seismic data is a process in which Geophysi-
cists and Geologists often have to collaborate over distance.
The efficient transmission of these data is essential to make
this process productive. A good compression ratio is impor-
tant to save time during the transmission, in particular when it
is necessary to send data with limited bandwidth and without
any information loss.

On a computer system, data is usually a sequence of bits
(binary digits) where each bit is a number in base-2, (i.e.,
either a binary O or a binary 1). The sequence of bits may
represent, for example, a number, a text, an image, a sound, or
any kind of information. The information persists on a com-
puter system through the use of data storage devices, such as
magnetic tapes, hard-disks and solid-state drives.

In the oil and gas industry, seismic data is often stored as
seismic traces using one of several standards developed by the
Society of Exploration Geophysicists (SEG) for storing seis-
mic data. The most commonly used format is SEG Y. Within
the most common type of SEG Y files, a seismic trace is
represented by a sequence of 32-bit floating point numbers.
To work with this type of data without losing any information,
special care is necessary.

Thus, seismic sample data are often represented as floating
point numbers. Typical formats are the IBM and IEEE 754
single precision, floating point representations, which specify
how a real number is stored in 32 bits. These representations
reserve one bit to indicate the sign of the number, with the
other 31 bits being split into an exponent at a certain base and
a significand, such that a real number R is calculated as:

R=(-1)""xsignificandxpePorent

The main difference between the IBM floating point for-
mat and the IEEE 754 format is the number of bits reserved to
each part and the base b of the exponent. The exemplary
algorithms presented here have been designed for the IEEE
754 format, since it is often employed in modern day com-
puting, but they can be generalized to other formats, as would
be apparent to a person of ordinary skill in the art.

FIG. 1 illustrates an exemplary single precision floating
point number 100 in accordance with the IEEE 754 floating
point standard. As shown in FIG. 1, the exemplary single
precision floating point number 100 uses one bit for the sign
110, eight bits for the exponent 120 in base 2, and 23 bits for
the normalized significand 130, meaning that a real number R
is calculated as:

R=(-1)"¥"x1 significandx 27" en,

While an integer type represents whole numbers, the float-
ing point type represents numbers with a fractional part.
Seismic data acquisition and scientific data exploration typi-
cally have these two types of numbers as their core binary
data. Additionally, data prominent from surveys, simulations
and experiments consume a massive amount of storage space.

In the area of seismic data acquisition or scientific simula-
tion, the option of lossless compression may be more attrac-
tive, or even a requirement, due to the cost of producing the
data. One strategy is to disregard the meaning of the sequence
of' bits, that is, if they are or they are not numbers, and realize
a generic lossless compression algorithm. There are two main
disadvantages in this strategy. First, the timing performance
to compress and decompress a given file may be affected,
since a generic algorithm must spend time searching for com-
pressible patterns without any prior knowledge about the
data. Second, the reduction efficiency, or compression ratio,
may also be affected due to failing in finding the best com-
pressible pattern in the file. These disadvantages impose a
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challenge to the use of generic lossless compression algo-
rithms for seismic or scientific data.

In order to overcome the waste of storage space within a
collection of numbers with a fixed length of bits, and without
losing information about each number, aspects of the present
invention define an algorithm to encode and decode each
number with a reduced length. The result is a compressed
collection composed of numbers with variable lengths, which
is capable of being decompressed to the original length.

The following discussion is divided into three parts: an
explanation of the representation of numbers on a computer
system; a description of rational numbers and their represen-
tation and interaction with other numbers; and a discussion of
the basic data structures and algorithms used herein.

Representation of Numbers

Integers are usually represented by a sequence of 32 bits,
where the first bit is the sign bit, in the case of signed integers,
indicating if it is a positive or negative integer number, and the
remaining bits are the integer number itself in base-2.
Unsigned integers do not have the sign bit, using the first bit
as one more bit for the number itself. Any leading zeros
appearing on the left of the sequence, except the sign bit, are
not significant bits since they can be omitted for the same
numeric value. The floating point type 100 allows expressing
the fractional part of a number by inserting into the sequence,
with usually the same 32 bits length, the exponent 120. The
second bit to the ninth usually represents this exponent 120 as
an integer between a minimum and a maximum exponent in
base-2. The exponent 120 may be biased in the sense that the
exponent 120 is subtracted by a fixed number to represent
negative and positive exponents. A bias of 127 means the
exponent varies from —127 to 128. The tenth bit to the end of
the sequence usually represents the fraction, also called man-
tissa or significand 130, part of the floating point number 100.
The fraction 130 may be in normalized form, in which case
the most significant bit is hidden in the sequence since it is
always abinary 1. Any trailing zeros appearing on the right of
the fraction sequence are not significant bits since they can be
omitted for the same numeric value.

Integer and floating point numbers may be represented by
a different specification and may have different lengths of
bits. There are several international standards that guide the
definition of numbers on a computer system, and the com-
puter system may even use a base other than binary (base-2).
While the explanation given for integer and floating point
numbers serves as a baseline for the concepts used herein, the
disclosed rational compression algorithm works indepen-
dently from the specification, length and base of the number,
as would be apparent to a person of ordinary skill in the art.

Rational Numbers and Their Representation

The exemplary rational compression algorithm works by
changing the representation of the original number by its
rational representation to compress the number more effi-
ciently. A rational number is characterized by a ratio, involv-
ing an integer numerator p and an integer denominator g, as
follows:

/g,

where q=0. When g=1, the rational number is an integer
number. A floating point number f is defined by the signifi-
cand s 130 excluding the trailing zeros, the base b and the
exponent e, as follows:

S=sb5,
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where, in a binary computer system, b=2 and both the signifi-
cand 130 and exponent 120 are sequences of bits. Ifs is an
integer number, the rational representation off is expressed as
follows:

5

where the denominator 27 rises, in the case of a negative
power of two, to multiply the numerator. This rational repre-
sentation of f implies the fraction to be zero, which is the
significand s 130, is only an integer number when its length 1
(ofthe significand sequence ot bits) is zero and, consequently,
the numerator becomes the hidden normalization bit: 1. By
definition, for a normalized floating point number, the signifi-
cand s 130 that is the fractional part of the number, is a
sequence of bits on the right of the binary dot without the
trailing zeros.

The rational representation of floating point numbers with
zero fractional part excludes the majority of numbers, render-
ing it useless. The exemplary rational compression algorithm
defines both numerator and denominator for a floating point
number that are susceptible for compression. The numerator
is defined by the result of multiplying the significand s 130 by
2 to the power of the length of the significand sequence 1, as
follows:

p=s2.
In other words, rewriting s as an integer number and shifting
the fraction 1 bits to the right is equivalent to multiplying it by
2’. In addition to the fractional part, the sign bit 110 is con-
catenated to the beginning of the significand sequence to
make s a signed integer number. The denominator is defined

by 27¢ multiplied by 27 to compensate for the multiplication
inserted on the numerator, that is:

g=2°

These definitions of q and p are used to guide the encoding
and decoding of floating point numbers within the steps of the
exemplary rational compression algorithm. The final floating
point number in its rational representation is expressed as
follows:

5.2
2-e”

f=

Note two properties of this representation useful to encode
and decode numbers. First, the powers are always of two (or
of'the base of the number) and, therefore, the number two (or
the base) can be ignored. Second, the variable 1 carries the
information of how many bits must be read to obtain s. This
information is useful to restore a sequence of s values with
variable lengths. These properties lead the exemplary
embodiment of the rational compression algorithm to con-
centrate on the (I-e) and 1 values presented in any floating
point number.

Data Structures and Algorithms

FIG. 2 illustrates a number of exemplary data structures
and algorithms used by the exemplary embodiment of the
rational compression algorithm. As shown in FIG. 2, the
exemplary embodiment of the rational compression algo-
rithm employs one or more arrays 210 and histograms 220.
An array 210 is a data structure that stores values with a
corresponding position inside the array. A histogram 220 is an
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array where the values are frequencies, useful to count the
occurrences of each element in a collection. In the exemplary
embodiment of FIG. 2, the array 210 has 8 positions and is
used to store the occurrences of 8 elements in a collection by
the histogram 220, where the size of the bars inside the array
represents the number of occurrences.

FIG. 2 also illustrates a binary tree 230, which is a Huffman
tree with two internal nodes (white open circles) and three
leaf nodes (black closed circles). A binary tree 230 is a data
structure for mapping, useful to map a key to a value. A
Huffman tree is a binary tree whose keys are the minimum
prefix code of each value or element in a collection. A code is
a sequence of bits representing a certain value, generally with
fewer bits than the value itself. The prefix code is a particular
type of code whose prefix, i.e., initial sequence, does not
repeat in any other code. The Huffman coding algorithm
receives as input a histogram 220 of the frequencies of ele-
ments to be encoded, and returns as output the Huffman tree
corresponding to the distribution presented in the histogram
220. The Huffman coding and tree are generally used for
lossless compression.

The exemplary binary tree 230 encodes the number -31
with the code 0, the number 12 with the code 10 and the
number 7 with the code 11. The code sequences are repre-
sented by the path from node to node in the tree, in a known
manner.

For a more detailed discussion of the exemplary data struc-
tures and algorithms shown in FIG. 2, see, for example, T. H.
Cormen et al., “Introduction to Algorithms,” published by
The MIT Press, ISBN 978-0262033848, incorporated by ref-
erence herein.

Rational Compression Algorithm

In at least one embodiment, the exemplary rational com-
pression algorithm comprises a compression mode and a
decompression mode.

FIG. 3 is a flow chart illustrating an exemplary implemen-
tation of the rational compression algorithm 300 according to
one embodiment of the invention. The exemplary rational
compression algorithm 300 receives as input a file storing a
collection of floating point numbers and returns as output a
compressed file storing the same collection in a compressed
form.

As shown in FIG. 3, the exemplary read threshold voltage
adjustment process 300 initially computes a histogram of
histograms (hh) during step 310, which is one histogram of
(1-e) occurrences where each element is another histogram of
1 occurrences. An exemplary histogram of histograms (hh)
400 is discussed further below in conjunction with FIG. 4A.

During step 320, the exemplary read threshold voltage
adjustment process 300 builds a Huffman forest (hf) of hh,
that is one Huffman tree for the histogram of (1-e) where each
leaf has a subjacent Huftiman tree for the histogram of 1. An
exemplary Huftman forest (hf) 450 of hh is discussed further
below in conjunction with FIG. 4B.

During step 330, the exemplary read threshold voltage
adjustment process 300 builds encoding maps (em), that is
one array mapping each (l-e) and 1 into its corresponding
Huffman prefix codes. The encoding maps (em) are an array
of prefix codes for each (1-e) value with another subjacent
array of prefix codes for each 1 value. These arrays are built by
traversing all possible paths within all Huffman trees in hf
(generated during step 320 and as discussed further below in
conjunction with FIG. 4B), where each path is one prefix code
and leads to one leaf node storing (1-e), in the case of the main
Huffman tree (460), or 1, in the case of the subjacent Huffman
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tree (470). The encoding maps (em) contain the code
sequence for all possible (1-e) and 1 values appearing in the
input collection of floating point numbers.

During step 340, the exemplary read threshold voltage
adjustment process 300 encodes each floating point number
using the encoding maps (em), as discussed further below in
conjunction with a section entitled “Encoding Floating Point
Numbers Into Compressed Bits.”

FIG. 4A illustrates an exemplary histogram of histograms
(hh) 400 generated by the exemplary rational compression
algorithm 300 during step 310. As shown in FIG. 4A, the
exemplary histogram of histograms (hh) 400 is one histogram
410 of (l-e) occurrences where each element is another his-
togram 420-i of 1 occurrences. The main histogram 410
counts the occurrences of (1-e) with another histogram 420
counting the occurrences of 1. More specifically, for each
unique floating point number f in the input collection, com-
pute 1 and (l-e) from f and increment hh[l-e|[1], that is the
occurrence of 1 in its corresponding histogram 420 inside the
histogram 410 of (I-e). This increment affects only one his-
togram 420, counting the occurrences of 1, given the occur-
rence of (l-e). On the flip side, the occurrence of (l-e) is
counted by the summation of all occurrences of1in its internal
histogram.

The range of the main histogram 410 is the possible range
of (1-e) values plus two special positions. One for invalid
numbers, such as infinity and NaN (not-a-number), which
have a special sequence of bits that must be preserved, and
another for the number zero whose fraction is not normalized
and has length zero, that is 1=0. The range of each internal
histogram 420, contained inside each position of the main
histogram 410, is the possible range of 1. For 32 bit floating
point numbers, with 1 sign bit, 8 bits for the exponent and 23
bits for the fractional part, the range of the main histogram
410 is 281 and the range of each internal histogram 420 is 23.

FIG. 4B illustrates an exemplary Huffman forest (hf) 450
of'hh generated by the exemplary rational compression algo-
rithm 300 during step 320. As shown in FIG. 4B, one Huff-
man tree 460 is built for the main histogram 410 of (I-e)
occurrences, and one subjacent Huffman tree 470-i for each
internal histogram of1 occurrences. These Huffman trees 460,
470 form the Huffman forest hf 450 that is useful for both
compression and decompression. The Huftman forest 450 is
stored in the beginning of the compressed output file. A Huff-
man forest (hf) 450 is also referred to herein as a Huffman
encoding.

Encoding Floating Point Numbers into Compressed Bits

As indicated above, during step 340, the exemplary ratio-
nal compression algorithm 300 encodes each floating point
number finto a compressed sequence of bits using the encod-
ing maps generated during step 330. More specifically, for
each fin the input, compute | and (1-e) from fand retrieve the
prefix code for (I-e) and the prefix code for 1 from em. The
resulting sequence of bits for fis composed of: first, the (I-e)
prefix code; second, the 1 prefix code; and third, the signifi-
cand sequence s extracted from f. The normalization bit is not
present and the last bit of the sequence s is excluded from the
resulting sequence since it is always 1. By definition, the
sequence s is composed of all significand bits on the right of
the binary dot without the trailing zeros. This resulting
sequence is considered compressed when its length is smaller
than the original sequence of bits used to represent the float-
ing point number f. The input collection is completely
encoded and stored after the Huffman forest hf in the com-
pressed output file.
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Decompression

FIG. 5 is a flow chart illustrating an exemplary implemen-
tation of the rational decompression algorithm 500 according
to one embodiment of the invention. Generally, the exemplary
rational decompression algorithm receives as input a com-
pressed file storing the Huffman forest 450 and the collection
of floating point numbers in compressed form and returning
as output an uncompressed file exactly the same as the origi-
nal file before compression.

As shown in FIG. 5, the exemplary rational decompression
algorithm 500 initially reads and rebuilds the Huffman forest
hf 450 from the compressed input file during step 510. The
Huffman forest 450 contains the necessary information to
decode all possible prefix codes for (I1-e) and 1 values appear-
ing in the compressed collection. The first Huffman tree 460
in hf’is the main tree of the histogram of (I-e) occurrences, and
all other Huffman trees 470 in hf are the subjacent trees of the
histogram of1 occurrences. The order of each subjacent Huff-
man tree 470 matches the order of the main histogram 410 of
(l-e), that is the same order of the internal histograms of 1.
During step 510, only the Huffman forest hf 450 is rebuilt, the
encoding maps or the histograms 400 are not required for
decompression.

Thereafter, the exemplary rational decompression algo-
rithm 500 decodes each compressed sequence of bits into a
floating point number using the Huffman forest hf 450 during
step 520. More specifically, the compressed input file is read
after the Huftman forest 450 as a sequence of bits, and, for
each bit, the main Huffman tree is traversed until a leaf node
is reached. The leaf node contains the (1-e) value correspond-
ing to the current floating point number f. This process is
repeated for the corresponding subjacent Huffman tree, tra-
versing it until a leaf node is reached. This second leaf node
contains the 1 value of the current number f that allows to read
the next 1 bits to construct the significand sequence s of the
floating point number f. With s, 1 and (l-e), the floating point
number f is restored using its rational representation: f=s-2"/
2”¢. The input compressed collection is completely decoded
and written in an uncompressed output file.

Variations

In one variation, the algorithm is tailored for integer num-
bers, where the rational representation has the numerator
equal to the integer number itself and the denominator is
equal to 1. The input collection of integer numbers is com-
pressed using only the length in bits of each integer. This
length may be used similarly to the length 1 of a floating point
number, to enable the integer to be restored without the lead-
ing zeros and excluding the first bit 1. The length of the
integer, however, does not contribute to restore the original
integer since it does not have a fractional part. The Huffman
forest 450 reduces to only one Huffman tree 460 encoding the
length of the integer, and the other parts of the algorithm
remain the same. In the case of integers, the length has the
meaning of significant bits of the integer number while in the
case of floating-point numbers, the length has the meaning of
the significand.

In another variation, the rational compression algorithm
300 is adapted to work with a mixed collection of integer and
floating point numbers, or with different specifications of
numbers. The strategy is to increment or decrement positions
in the main histogram 410 or internal histograms 420, to
support these different numbers. For instance, in addition to
the two special positions in the histogram 410 of (1-e) values
of'a floating point number, one more special position may be
used for integer values, in the case of a mixed collection. The
range of the internal histogram 420 of1is also incremented to
support both the length of the significand of a floating point
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number and the length of an integer number. Another example
is to consider a floating point number with a special sequence
to represent the result of an arithmetic division by zero. This
may also add a position to the main histogram, similarly to the
infinite and NaN (not-a-number) representations. The Huft-
man forest 450 is built using these adapted histograms, and
the other parts of the algorithm remain the same.

A third variation replaces the histograms 400 with a differ-
ent combination of histograms or with only one histogram.
For instance, the main histogram 410 may count the occur-
rences of only the exponent e extracted from each floating
point number f, instead of the (I-e) value, and the internal
histograms may continue to count the occurrences of 1. The
Huffman forest 450 is built using these histograms 400, and
the encoding may continue to preserve the significand
sequence s. The decoding stills works, since the number fmay
still be restored from s, 1 and e. This strategy may also be
inverted, with the main histogram 410 counting the occur-
rences of 1 and the internal histograms 420 counting the
occurrences of e. Another example is to replace the histogram
of histograms 400 with only one histogram counting the
occurrence of the pairl and e. This reduces the Huffman forest
450 to only one Huffiman tree, encoding the pair 1 and e, and
the other parts of the algorithm 300 remain the same.

In yet another variation, a further lossless compression
strategy is added to the significand sequence s, instead of
preserving the sequence in the compressed file. One strategy
may search for repeatable subsequences in the original sig-
nificand sequence of bits and may create a dictionary of these
subsequences. The repeating subsequences are replaced by an
indexing code to the dictionary, which contains only one
instance of each subsequence. The compression is effective if
the indexing codes and dictionary reduce the length of the
encoded subsequence. The dictionary may be stored after the
Huffman forest and the indexing codes may replace the cor-
responding subsequences.

A further variation replaces the Huffman forest 450 by a
different encoding strategy. For instance, a dictionary may be
constructed for both | and e values. It may be a static dictio-
nary using previous knowledge of the collection of numbers
to be compressed, or a dynamic dictionary adapting as the
collection is compressed, or a combination of both. The
encoding and decoding of numbers are similar to using the
Huffman forest.

An additional variation adapts the rational compression
algorithm 300 for a multi-core computer or a multi-node
server. A multi-core computer system is composed of a num-
ber of processing units capable of carrying out the computa-
tion in parallel, as if each one is a separable computer system.
A multi-node server is a distributed environment with a num-
ber of interconnected computer systems. One strategy to par-
allelize the algorithm is to divide the input collection into
collections with similar sizes, one for each computer system,
and execute several instances of the algorithm.

Conclusion

Aspects of the present invention are described herein with
reference to flowchart illustrations and/or block diagrams of
methods, apparatus (systems) and computer program prod-
ucts according to embodiments of the invention. It is to be
appreciated that each block of the flowchart illustrations and/
or block diagrams, and combinations of blocks in the flow-
chart illustrations and/or block diagrams, can be imple-
mented by computer program instructions. These computer
program instructions may be provided to a processor of a
general purpose computer, special purpose computer, or other
programmable data processing apparatus to produce a
machine, such that the instructions, which execute via the
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processor of the computer or other programmable data pro-
cessing apparatus, create means for implementing the func-
tions/acts specified in the flowchart and/or block diagram
block or blocks.

As further described herein, such computer program
instructions may also be stored in a computer readable
medium that can direct a computer, other programmable data
processing apparatus, or other devices to function in a par-
ticular manner, such that the instructions stored in the com-
puter readable medium produce an article of manufacture
including instructions which implement the function/act
specified in the flowchart and/or block diagram block or
blocks. Accordingly, as further detailed below, at least one
embodiment of the invention includes an article of manufac-
ture tangibly embodying computer readable instructions
which, when implemented, cause a computer to carry out
techniques described herein. An article of manufacture, a
computer program product or a computer readable storage
medium, as used herein, is not to be construed as being
transitory signals, such as electromagnetic waves.

The computer program instructions may also be loaded
onto a computer or other devices to cause a series of opera-
tional steps to be performed on the computer, other program-
mable apparatus or other devices to produce a computer
implemented process such that the instructions which execute
on the computer or other programmable apparatus provide
processes for implementing the functions/acts specified in the
flowchart and/or block diagram block or blocks.

The flowchart and block diagrams in the figures illustrate
the architecture, functionality, and operation of possible
implementations of systems, methods and computer program
products according to various embodiments of the present
invention. In this regard, each block in the flowchart or block
diagrams may represent a module, component, segment, or
portion of code, which comprises at least one executable
instruction for implementing the specified logical
function(s). It should be noted that the functions noted in the
block may occur out of the order noted in the figures.

Accordingly, the techniques described herein can include
providing a system, wherein the system includes distinct soft-
ware modules, each being embodied on a tangible computer-
readable recordable storage medium (for example, all mod-
ules embodied on the same medium, or each modules
embodied on a different medium). The modules can run, for
example, on a hardware processor, and the techniques
detailed herein can be carried out using the distinct software
modules of the system executing on a hardware processor.

Additionally, the techniques detailed herein can also be
implemented via a computer program product that includes
computer useable program code stored in a computer read-
able storage medium in a data processing system, wherein the
computer useable program code was downloaded over a net-
work from a remote data processing system. The computer
program product can also include, for example, computer
useable program code that is stored in a computer readable
storage medium in a server data processing system, wherein
the computer useable program code is downloaded over a
network to a remote data processing system for use in a
computer readable storage medium with the remote system.

As will be appreciated by one skilled in the art, aspects of
the present invention may take the form of an entirely hard-
ware embodiment, an entirely software embodiment (includ-
ing firmware, resident software, micro-code, etc.) or an
embodiment combining software and hardware aspects that
may all generally be referred to herein as a “module” or
“system.”
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An aspect of the invention or elements thereof can be
implemented in the form of an apparatus including a memory
and at least one processor that is coupled to the memory and
operative to perform the techniques detailed herein. Also, as
described herein, aspects of the present invention may take
the form of a computer program product embodied in a com-
puter readable medium having computer readable program
code embodied thereon.

By way of example, an aspect of the present invention can
make use of software running on a general purpose computer.
FIG. 6 is a system diagram of an exemplary computer system
on which at least one embodiment of the invention can be
implemented. As depicted in FIG. 6, an example implemen-
tation employs, for example, a processor 602, a memory 604,
and an input/output interface formed, for example, by a dis-
play 606 and a keyboard 608. The term “processor” as used
herein includes any processing device(s), such as, for
example, one that includes a central processing unit (CPU)
and/or other forms of processing circuitry. The term
“memory” includes memory associated with a processor or
CPU, such as, for example, random access memory (RAM),
read only memory (ROM), a fixed memory device (for
example, a hard drive), a removable memory device (for
example, a diskette), a flash memory, etc. Further, the phrase
“input/output interface,” as used herein, includes a mecha-
nism for inputting data to the processing unit (for example, a
mouse) and a mechanism for providing results associated
with the processing unit (for example, a printer).

The processor 602, memory 604, and input/output inter-
face such as display 606 and keyboard 608 can be intercon-
nected, for example, via bus 610 as part of a data processing
unit 612. Suitable interconnections via bus 610, can also be
provided to a network interface 614 (such as a network card),
which can be provided to interface with a computer network,
and to a media interface 616 (such as a diskette or compact
disc read-only memory (CD-ROM) drive), which can be pro-
vided to interface with media 618.

Accordingly, computer software including instructions or
code for carrying out the techniques detailed herein can be
stored in associated memory devices (for example, ROM,
fixed or removable memory) and, when ready to be utilized,
loaded in part or in whole (for example, into RAM) and
implemented by a CPU. Such software can include firmware,
resident software, microcode, etc.

As noted above, a data processing system suitable for stor-
ing and/or executing program code includes at least one pro-
cessor 602 coupled directly or indirectly to memory elements
604 through a system bus 610. The memory elements can
include local memory employed during actual implementa-
tion of the program code, bulk storage, and cache memories
which provide temporary storage of at least some program
code in order to reduce the number of times code must be
retrieved from bulk storage during implementation. Also,
input/output (I/O) devices such as keyboards 608, displays
606, and pointing devices, can be coupled to the system either
directly (such as via bus 610) or through intervening 1/O
controllers.

Network adapters such as network interface 614 (for
example, a modem, a cable modem or an Ethernet card) can
also be coupled to the system to enable the data processing
system to become coupled to other data processing systems or
remote printers or storage devices through intervening private
or public networks.

Asused herein, a “server” includes a physical data process-
ing system (such as system 612 as depicted in FI1G. 6) running
a server program. It will be understood that such a physical
server may or may not include a display and keyboard.
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Asnoted, at least one embodiment of the invention can take
the form of a computer program product embodied in a com-
puter readable medium having computer readable program
code embodied thereon. As will be appreciated, any combi-
nation of computer readable media may be utilized. The com-
puter readable medium can include a computer readable sig-
nal medium or a computer readable storage medium. A
computer readable storage medium may be, for example, but
not limited to, an electronic, magnetic, optical, electromag-
netic, infrared, or semiconductor system, apparatus, or
device, or any suitable combination of the foregoing.
Examples include an electrical connection having one or
more wires, a portable computer diskette, a hard disk, RAM,
ROM, an erasable programmable read-only memory
(EPROM), flash memory, an optical fiber, a portable CD-
ROM, an optical storage device, a magnetic storage device,
and/or any suitable combination of the foregoing. More gen-
erally, a computer readable storage medium may be any tan-
gible medium that can contain, or store a program for use by,
or in connection with, an instruction execution system, appa-
ratus, or device.

Additionally, a computer readable signal medium may
include a propagated data signal with computer readable pro-
gram code embodied therein, for example, in baseband or as
part of a carrier wave. Such a propagated signal may take any
of a variety of forms such as, for example, electro-magnetic,
optical, or a suitable combination thereof. More generally, a
computer readable signal medium may be any computer read-
able medium that is not a computer readable storage medium
and that can communicate, propagate, or transport a program
for use by or in connection with an instruction execution
system, apparatus, or device.

Program code embodied on a computer readable medium
can be transmitted using an appropriate medium such as, for
example, wireless, wireline, optical fiber cable, radio fre-
quency (RF), and/or a suitable combination of the foregoing.
Computer program code for carrying out operations in accor-
dance with one or more embodiments of the invention can be
written in any combination of at least one programming lan-
guage, including an object oriented programming language,
and conventional procedural programming languages. The
program code may execute entirely on a user’s computer,
partly on a user’s computer, as a stand-alone software pack-
age, partly on a user’s computer and partly on a remote
computer, or entirely on the remote computer or server. In the
latter scenario, the remote computer may be connected to the
user’s computer through any type of network, including a
local area network (LAN) or a wide area network (WAN), or
the connection may be made to an external computer (for
example, through the Internet using an Internet Service Pro-
vider).

In light of the above descriptions, it should be understood
that the components illustrated herein can be implemented in
various forms of hardware, software, or combinations
thereof, for example, application specific integrated circuit(s)
(ASICS), functional circuitry, an appropriately programmed
general purpose digital computer with associated memory,
etc.

Terminology used herein is for the purpose of describing
particular embodiments only and is not intended to be limit-
ing of the invention. For example, the singular forms “a,” “an”
and “the” are intended to include the plural forms as well,
unless clearly indicated otherwise. It will be further under-
stood that the terms “comprises” and/or “comprising,” as
used herein, specify the presence of stated features, integers,
steps, operations, elements, and/or components, but do not
preclude the presence or addition of another feature, integer,
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step, operation, element, component, and/or group thereof.
Additionally, the corresponding structures, materials, acts,
and equivalents of all means or step plus function elements in
the claims are intended to include any structure, material, or
act for performing the function in combination with other
claimed elements as specifically claimed.

Also, it should again be emphasized that the above-de-
scribed embodiments of the invention are presented for pur-
poses of illustration only. Many variations and other alterna-
tive embodiments may be used. For example, the techniques
are applicable to a wide variety of other types of communi-
cation systems, storage systems and processing devices that
can benefit from improved rational compression of data.
Accordingly, the particular illustrative configurations of sys-
tem and device elements detailed herein can be varied in other
embodiments. These and numerous other alternative embodi-
ments within the scope of the appended claims will be readily
apparent to those skilled in the art.

What is claimed is:

1. A method for compressing one or more numbers, said
method comprising:

obtaining a plurality of numbers, wherein each of said

plurality of numbers is represented using zero or more
bits to indicate an exponent at a given base of said given
number and has a length representing a number of sig-
nificant bits of said given number;

for each of said plurality of numbers, computing said

length and a difference between said length and said
exponent and counting occurrences of said length given
the occurrence of said difference;
generating a Huffman encoding comprising at least one
Huffman tree based on said counting of said occurrences
of said length given the occurrence of said difference;

generating one or more encoding maps comprising an
array mapping each of said difference and said length to
a corresponding Huffman prefix code; and

encoding at least one of said plurality of numbers using the

one or more encoding maps.

2. The method of claim 1, wherein said plurality of num-
bers comprise one or more of integer numbers and floating
point numbers, and wherein said exponent comprises zero
bits for said integer numbers and wherein said floating point
numbers have a significand of said length.

3. The method of claim 1, wherein said counting of said
occurrences of said length given the occurrence of said dif-
ference comprises incrementing a histogram bin associated
with said difference.

4. The method of claim 1, wherein said Huffman encoding
comprises one Huffman tree for a histogram of said difter-
ence where each leaf has a subjacent Huffman tree for a
histogram of said length.

5. The method of claim 1, wherein said step of generating
one or more encoding maps further comprises traversing
paths within a plurality of said Huffman trees, where each
path is one prefix code and leads to one leaf node storing one
or more of said difference and said length.

6. The method of claim 5, wherein said plurality of num-
bers comprise floating point numbers and wherein said
encoding maps comprise a code sequence for all possible
difference and length values appearing in said plurality of
floating point numbers.

7. The method of claim 1, wherein said plurality of num-
bers comprise floating point numbers and wherein said step of
encoding said at least one of said plurality of floating point
numbers further comprises computing said length and said
difference for each of said at least one of said plurality of
floating point numbers and retrieving the corresponding
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Huffman prefix code for said difference and the correspond-
ing Huffman prefix code for said length from said one or more
encoding maps.

8. The method of claim 1, further comprising the step of
applying a lossless compression technique to the significand.

9. The method of claim 1, wherein said method is imple-
mented using one or more of a multi-core computer and a
multi-node server.

10. The method of claim 9, wherein a plurality of instances
of said method operate in parallel to compress a correspond-
ing portion of a divided input independently.

11. The method of claim 1, further comprising the step of
generating the Huffman encoding from a compressed input
file.

12. The method of claim 11, further comprising the step of
decoding at least one compressed sequence of bits into a
floating point number using the Huffman encoding.

13. The method of claim 12, wherein the step of decoding
at least one compressed sequence of bits further comprises
traversing a main Huffman tree in said Huffman encoding
until a first leaf node is reached, wherein the first leaf node
comprises one of said difference values corresponding to a
current floating point number; traversing a corresponding
subjacent Huffman tree until a second leaf node is reached,
wherein the second leaf node comprises one of said length
values of the current floating point number; and reading a next
number of bits corresponding to said length to construct the
significand of the current floating point number.

14. A computer program product comprising a tangible
machine-readable storage medium having encoded therein
executable code of one or more software programs for com-
pressing one or more numbers, wherein the one or more
software programs when executed perform the following
steps:

obtaining a plurality of numbers, wherein each of said

plurality of numbers is represented using zero or more
bits to indicate an exponent at a given base of said given
number and has a length representing a number of sig-
nificant bits of said given number;

for each of said plurality of numbers, computing said

length and a difference between said length and said
exponent and counting occurrences of said length given
the occurrence of said difference;

generating a Huffman encoding comprising at least one

Huffman tree based on said counting of said occurrences
of said length given the occurrence of said difference;
generating one or more encoding maps comprising an

array mapping each of said difference and said length to
a corresponding Huffman prefix code; and

encoding at least one of said plurality of numbers using the

one or more encoding maps.

15. A system for compressing one or more numbers, com-
prising:

a memory; and

at least one hardware device, coupled to the memory,

operative to implement the following steps:

obtaining a plurality of numbers, wherein each of said

plurality of numbers is represented using zero or more
bits to indicate an exponent at a given base of said given
number and has a length representing a number of sig-
nificant bits of said given number;

for each of said plurality of numbers, computing said

length and a difference between said length and said
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exponent and counting occurrences of said length given
the occurrence of said difference;
generating a Huffman encoding comprising at least one
Huffman tree based on said counting of said occurrences
of said length given the occurrence of said difference;

generating one or more encoding maps comprising an
array mapping each of said difference and said length to
a corresponding Huffman prefix code; and

encoding at least one of said plurality of numbers using the

one or more encoding maps.

16. The system of claim 15, wherein said plurality of num-
bers comprise one or more of integer numbers and floating
point numbers, and wherein said exponent comprises zero
bits for said integer numbers and wherein said floating point
numbers have a significand of said length.

17. The system of claim 15, wherein said counting of said
occurrences of said length given the occurrence of said dif-
ference comprises incrementing a histogram bin associated
with said difference.

18. The system of claim 15, wherein said Huffman encod-
ing comprises one Huftfman tree for a histogram of said dif-
ference where each leaf has a subjacent Huffman tree for a
histogram of said length.

19. The system of claim 15, wherein said step of generating
one or more encoding maps further comprises traversing
paths within a plurality of said Huffman trees, where each
path is one prefix code and leads to one leaf node storing one
or more of said difference and said length.

20. The system of claim 15, wherein said plurality of num-
bers comprise floating point numbers and wherein said step of
encoding said at least one of said plurality of floating point
numbers further comprises computing said length and said
difference for each of said at least one of said plurality of
floating point numbers and retrieving the corresponding
Huffman prefix code for said difference and the correspond-
ing Huffman prefix code for said length from said one or more
encoding maps.

21. The system of claim 15, wherein said at least one
hardware device is further configured to apply a lossless
compression technique to the significand.

22. The system of claim 15, wherein said system comprises
one or more of a multi-core computer and a multi-node server.

23. The system of claim 22, wherein a plurality of instances
of said system operate in parallel to compress a correspond-
ing portion of a divided input independently.

24. The system of claim 15, wherein said at least one
hardware device is further configured to generate the Huff-
man encoding from a compressed input file.

25. The system of claim 24, wherein said at least one
hardware device is further configured to decode at least one
compressed sequence of bits into a floating point number
using the Huffman encoding and wherein the step of decoding
at least one compressed sequence of bits further comprises
traversing a main Huffman tree in said Huffman encoding
until a first leaf node is reached, wherein the first leaf node
comprises one of said difference values corresponding to a
current floating point number; traversing a corresponding
subjacent Huffman tree until a second leaf node is reached,
wherein the second leaf node comprises one of said length
values of the current floating point number; and reading a next
number of bits corresponding to said length to construct the
significand of the current floating point number.

#* #* #* #* #*



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. 29,209,833 B1 Page 1of1
APPLICATION NO. : 14/749833

DATED : December §, 2015

INVENTOR(S) : Maximo

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Specification

In Column 2, Line 38, replace “compression algorithm according to” with --compression algorithm,
according to--.

In Column 2, Line 46, replace “decompression algorithm according to” with --decompression
algorithm, according to--.

In Column 4, Line 31, replace “R = (-1)"" x significand x 5*°"™ with --R = (-1)"¢" x significand x
bexponent‘ -

Column 6, Line 38, replace “g = 2" with --¢ = 2"°.—-.

Signed and Sealed this
Seventeenth Day of January, 2017

Dhecbatle K Zea

Michelle K. Lee
Director of the United States Patent and Trademark Office



